e report a study of the shapes of the tibial and femoral articular surfaces in sagittal, frontal and coronal planes which was performed on cadaver knees using two techniques, MRI and computer interpolation of sections of the articular surfaces acquired by a three-dimensional digitiser.
Movement of the knee is commonly measured by reference to markers placed above and below the joint. There are, however, two difficulties when using this technique. First, skin markers do not reliably detect longitudinal rotation of the femur since movement between it and the skin is as great as rotational movement of the femur itself. 1 The alternative method of using markers which are fixed directly to the bone is invasive and therefore practical only experimentally. Secondly, even with fixed markers, it is impossible to be certain of rotations through angles of less than about 10° because of the difficulty of relating the axis to the chosen co-ordinate system. This problem, called kinematic cross-talk, has been demonstrated experimentally. 2 It thus appears that there are no techniques available for the reliable detection of small angles of rotation, especially of longitudinal or varus/valgus rotation, based on the use of remote reference points and kinematic analysis. The only alternative may be to image the surfaces of the bones themselves, for example by MRI, a procedure which could possibly be used to replace or to supplement methods based on remote markers. Although there are many descriptions in the literature of the shapes of the articular surfaces of the femur and tibia at the knee, none is complete and consistent. Since kinematic analysis based on the relative movement of these surfaces must depend on an accurate description of their shapes in all three planes, we have investigated these shapes by threedimensional (3D) digitisation and MRI. The shapes in the sagittal plane which are seen on MRI have already been verified by dissection. 3, 4 Materials and Methods Six knees, the surfaces of which were normal to the naked eye, were examined by digitisation. Three were also examined by MRI and confirmed to be normal. The bones were cut 20 cm above and below the joint line keeping the capsule intact. The subjects were men with a mean age of 43 years (25 to 55).
The bones were attached to a wooden board at 0°, 10°, 30°, 60°, 90° and 120° flexion and in full internal and external rotation at 90° as described elsewhere. 3, 4 Three knees were imaged by MRI. 3, 4 A six-degree-of-freedom commercial device, Faro Arm Model B06-01/02 (Faro Technologies, Lake Mary, Florida) was then used to obtain the 3D co-ordinates of points on the shafts and on the articular surfaces of all six knees. In each of the chosen positions of flexion, three reference points were acquired in each bone provided by screws in the shafts. The knee was then disarticulated and the femoral and tibial articular surfaces were digitised in a suitable position as two sets of 3D points the acquisition error was estimated as 1.3 mm (1 mm of cartilage penetration + 0.3 mm of sensor accuracy). Finally, using the three reference points in each shaft and the clouds of points representing the articular surfaces, the surfaces were reconstructed not only individually but also as they were related to each other in each position of flexion and longitudinal rotation.
Least-square conics or lines were fitted to the surfaces. We considered to be acceptable any fitting less than 0.4 mm(), such that the bundle including 99.7% of points, corresponding to 3* equals the uncertainty on the acquired data.
MRI measurements were made by a single observer (VP) using a method for which the inter-and intraobserver errors are 1.5 mm. 3, 4 Faro measurements were made once by a single observer (SM) using a method for which the observer errors were not known.
Results
For this description the surfaces have been divided into two: those in contact from what we will call '20°', i.e., 20 ± 10°, to 120° and those in contact from '20°' to 0°. This description conforms with the fact that in most mammals, and in the human infant, extension beyond '20°' does not occur. 5, 6 Thus it may be that there is an evolutionary and developmental, as well as a functional and anatomical, 3, 4 distinction between the arc of flexion from 0° to '20°' and that from '20°' to 120° The range of movement has been limited to 120°, since this represents the approximate limit of active flexion. Flexion beyond 120° occurs passively but by 160° neither femoral condyles is in contact with the tibia. 7 The observed shapes of the surfaces and their dimensions were very similar whether observed by Faro or MRI. The greatest discrepancies were seen for those arcs such as the medial femoral anterior horn facet (AHF), the limit of which depended on visualising the meniscus since this could only be done using MRI. In view of this agreement, in the text results for MRI are not distinguished from those using the Faro. Shapes of the surfaces contacting from '20°' to 120°M edial compartment. The medial condyle is circular in the sagittal section at the medial extremity of the tibiofemoral contact surface where the femoral radius is maximal. Elsewhere, 3, 4 this surface has been called the flexion facet (FF) ( Fig. 1 ; Tables I and II) . The FF extends anteriorly to a point where the circle would, if continued, invade the more anterior femur. Posteriorly, tibiofemoral contact ceases at 120°, somewhat before the posterior extremity of the femoral articular surface. The most posterior femoral cartilage contacts only the posterior horn of the medial meniscus, not the tibia itself, and only does this when the knee is flexed to 120° (Fig. 1c) . This posterior segment, the posterior horn facet (PHF), may have a smaller radius than that of the FF ( Fig. 1 ; Table II ).
In frontal sections of the knee flexed at 30° and in coronal sections the posterior articular surface is again circular (Figs 2 and 3 ; Tables I and II) . The centres of the sagittal, frontal and coronal circles do not exactly coincide but they do lie within a sphere about 3 mm in radius. Thus the posterior articular surface of the femur forms approximately a segment of a sphere with a radius of 19 ± 3 mm.
Between '20°' and 120° the posterior femoral 'sphere' rests on a flat tibial condylar surface about 10 mm in length ( * in knee 4 a posterior reduction in radius was detected in some sections giving a PHF arc of 12°. In other sections the PHF radius was the same as that of the FF giving a PHF as defined by Faro of 0°b y the medial meniscus (Figs 1c and 2b) . It is firmly attached to the tibia by the coronary ligaments and therefore represents a 'wall' extending around the posterior and medial aspects of the femoral sphere analogous to the glenoid labrum. Laterally, the tibial surface is bounded by the intercondylar eminence, the medial side of which is approximately straight anteroposteriorly in coronal section (Fig. 4) for about 5 mm at a level near the apex of the eminence increasing to 30 mm near the surface of the condyle. In frontal section at the centre of the plateau the surface of the eminence is circular with a radius matching that of the distal/lateral side of the femoral 'sphere' (Table  I ; Fig. 2) Anteriorly, the tibial surface slopes upwards to form a second essentially flat surface which is described below since it articulates with the femur only between 0° and '20°'. When the knee is flexed, the anterior horn of the medial meniscus rests on this surface to complete a cupshaped cavity for the posterior femoral 'sphere' (Fig. 1c) . Although the anterior horn lies in front of the femoral 'sphere' and thus may be thought to constrain its forward movement, the horn is mobile on the tibia (Figs 1b and  1c) . Lateral compartment. In sagittal section the femoral condyle, like the medial, is circular (Table III; Fig. 5 ). The posterior part of its articular surface makes contact with the posterior horn of the lateral meniscus, never with the tibia (Fig. 5c) .
The medial surface of the femoral condyle is 'flattened', sloping at an angle of 21° downwards and laterally. The intercondylar eminence matches the femur (Fig. 2) . In coronal section the posterior part of the condyle, which contacts the tibia at 90°, is circular, i.e., the distal 'flattening' is lost (Fig. 3) .
The proximal part of the lateral surface of the tibial intercondylar eminence in coronal section approximately 6 mm proximal to the plateau is curved, convex laterally (Fig. 4) and, as mentioned above, is flattened in frontal section. Thus this surface of the eminence is approximately a section of a cone arising from the tibial condyle.
The horizontal surface of the tibial condyle is approximately flat where it contacts the femur (Fig. 5) , but slopes downwards anteriorly where it contacts the anterior horn in extension and posteriorly where it contacts the posterior horn beyond 90°. The superior surfaces of the anterior horn in extension, of the posterior horn in flexion and of the articular surface of the tibia form a plane inclined within 10° in sagittal section relative to the plane of the posterior part of the medial tibial surface (Figs 1b and 5a) . Although the anteroposterior length of the tibial condylar surface as a whole is 6 mm shorter laterally than medially, that part of the surface which contacts the femur from '20°' to 120° is substantially longer than the corresponding surface on the medial side, having a mean length of 26 mm. Shapes of the surfaces contacting from 0° to '20°' Medial compartment. In sagittal section there is a segment of the femur about 36 mm in length, which extends anteriorly from the point where the posterior circular surface terminates (Fig. 1) . Its shape cannot be characterised with statistical certainty but both by Faro arm and MRI it could be regarded as circular (Fig. 1, Tables I and II) . On average, of the six knees studied, only the posterior 43° of this arc, the femoral extension facet (EF), contacts the tibia in full extension. Anterior to the AHF there is an inconstant recess which receives the anterior horn in full extension (Fig. 1b) . Thus, the medial femoral condyle in sagittal section, where its surface contacts the tibia, appears to be composed of the arcs of anterior and posterior circles, the anterior having a smaller angle but larger radius. 8, 9 If the anterior and posterior circular femoral surfaces were to be considered as a single curve, the femur could be described as oval in sagittal section 10 and be represented as an ellipse with an eccentricity of 0.62 and radii of 30 mm and 23 mm. In true frontal section the femur is circular but the radius varies from about 20 mm posteriorly to about 30 mm anteriorly. Thus, the femur is on average mediolaterally 'flatter' where it contacts the tibia in full extension than it is where it contacts the tibia in slight flexion (Table I; Fig. 6 ).
The anterior tibial surface, the tibial EF, with which the femur makes contact between '20°' and 0°, is flat anteroposteriorly like the posterior tibial surface, but it is inclined upwards and forwards relative to the posterior surface, the tibial FF, by a mean angle of 11° (Table IV; Figs 1a and 1b). Its anterior extremity slopes downwards to form a recess which, in conjunction with an inconstant femoral imprint, receives the anterior horn of the meniscus in full extension (Fig. 1c) . In frontal section at this anterior level, the intercondylar eminence is rudimentary. Lateral compartment. Both the femoral and tibial articular surfaces are about 6 mm shorter than those on the medial side. On the femur, this results from the fact that the anterior circular surface, which is obvious medially, is either undetectable or too small to be measured. There is, nevertheless, a visual impression of a flattened anterior surface (Fig. 5) . In coronal section the distal femoral condyle is oval with a long axis which is directed about 20°f orwards and medially (Fig. 4) .
The anterior extremity of the tibial condyle slopes downwards in sagittal section and is covered in full extension by the anterior horn of the meniscus (Fig. 5c , arrow) which in turn engages in a recess in the condyle of the femur. Thus, at the anterior level at which there is direct tibiofemoral contact in extension medially, the 'tibiofemoral articulation' laterally appears to be mediated mainly by the anterior horn interposed between the two bones (Fig. 6, arrow) .
Discussion
The findings in sagittal, coronal and frontal sections using 3D digitisation match those obtained in the same knees using MRI. In six additional knees, in which the results for the sagittal plane were the same as in this report, the MRI findings have been validated by dissection. 3, 4 We therefore conclude that both the Faro arm and MRI can be used as anatomical tools. In particular, since we have confirmed that the surfaces of the posterior femoral condyles are circular with centres which can be found reliably, these can be used to track the movement of the femur relative to the tibia for kinematic studies of the knee as was originally proposed by Weber and Weber 11 and later by Kurosawa et al. 12 The lateral surfaces may be regarded as 'deficient' anteriorly for three reasons. First, the circular anterior femoral surface which is present medially is either absent or unmeasurably small. Secondly, the tibial surface is shorter than it is medially so that anteriorly the lateral anterior horn is engaged between the femur and the tibia from about 10°t o full extension, and thirdly, the lateral side of the intercondylar eminence is absent so that the lateral femoral condyle in full extension can lie with its axis directed from behind, forwards and medially. This mediolateral asymmetry reinforces the concept that the surfaces of the knee contacting between 0° and '20°' are anatomically separable from those which articulate from '20°' to 120°.
We believe that the 3D shapes of the femoral and tibial articular surfaces are as we have described and that the functional implication of these shapes is as follows.
The posterior 75% of the medial femoral condyle is part of a sphere. This articulates from 20 ± 10° to 120°w ith a deficient tibial socket completed posteriorly and medially by the meniscus. The shape of the 'socket' suggests that the femoral 'ball' is free to rotate around three axes but that it is stable translationally except perhaps in an anterior direction where the anterior surface of the socket slopes gently upwards and the meniscus is mobile. Laterally, the distal/medial flattening suggests that the femur may be free to translate anteroposteriorly but not to rotate around an anteroposterior axis. Posteriorly, where it is spherical, the condyle may have greater rotational freedom. Rotation around a transverse axis passing through the centres of the circular posterior segments of both the femoral condyles would represent flexion. Rotation around a vertical axis passing through the medial femoral sphere accompanied by translation laterally, around the conical intercondylar eminence, would represent longitudinal rotation. That around an anteroposterior axis passing through the centre of the medial sphere would represent lateral femoral 'lift-off'.
Anteriorly, the medial and lateral tibiofemoral joints are very asymmetrical where they articulate from 0° to 20 ± 10°. Medially, the shapes suggest that after the femur has 'rocked' forwards 11, 13 from the FF (contacting at 20 120°) to the EF (contacting at 20 ± 10° to 0°), it continues to rotate around a transverse axis, i.e., to extend, and that some rotation around vertical and anteroposterior axes is 
